Cell cycle deregulation is a prerequisite in tumor development and overexpression of cyclin E, a major G 1 -S regulator, is often observed in breast cancer and is further linked to poor prognosis. By overexpressing cyclin E in a retinoblastomainactivated breast cancer cell line, we induced significant alterations in the expression of genes associated with proliferation and cell adhesion. Rearrangements of the actin cytoskeleton in addition to increased adhesive properties, decreased motility, and invasive potential in functional assays, indicated an overall abrogated mobility. Consistent in vivo findings were obtained upon investigation of 985 primary breast cancers, where cyclin E-high tumors predominantly (67%) displayed a low infiltrative, pushing growth pattern. Furthermore, medullary breast cancers, a subtype defined by its pushing, delimited growth, exhibited a remarkable frequency of cyclin E deregulation (87%) compared with other histologic subtypes (5-20%). Taken together, our results suggest the novel role of cyclin E in modeling infiltrative behavior. The consequences of cyclin E overexpression in breast cancer seems to be multiple, including effects on proliferation as well as growth patterns, a scenario that is indeed observed in the archetype of cyclin E-overexpressing medullary breast cancers. (Cancer Res 2005; 65(21): 9727-34) 
Introduction
Breast cancer is one of the leading causes of cancer death among women in the Western world. Many different forms of breast cancer exist, with a multitude of clinical appearances ranging from a rather indolent disease without metastases to rapidly progressing and highly proliferative tumors with extremely aggressive behavior. The growth pattern of breast tumors is one characteristic that varies, where some tumors display a clear infiltrative growth pattern with sieving tumor cells at the edges, whereas others have a more solid growth pattern with large pushing tumor fronts. The presence of a pushing margin is a common morphologic feature of estrogen receptor-negative tumors and has been associated with negative lymph node status (1) . Invasive breast tumors are classified into several histologic types, where ductal carcinomas make up the majority and lobular and medullary breast carcinomas are two noteworthy but less frequent types. The different histologic types of breast cancer have specific morphologic characteristics and differ to some extent regarding prognosis (2) . Tumor type and in particular differentiation grade, therefore influence clinical treatment decisions, whereas expression of hormone receptors (estrogen receptor and progesterone receptor) as well as the C-erbB2 are important predictive markers for endocrine and trastuzumab treatment responses, respectively.
High protein levels of cyclin E, an activating subunit of cyclindependent kinase 2 (CDK2), is often observed in breast cancer and is strongly linked to poor prognosis (3) . Deregulation of cell cycle control is thought to be a prerequisite in tumor development and several studies have shown an accelerated S phase entry due to constitutive expression of cyclin E (4, 5) . Furthermore, cyclin E is able to induce chromosome instability by inappropriate initiation of DNA replication and centrosome duplication (6, 7) . Transgenic mice expressing elevated levels of cyclin E in the mammary epithelium during pregnancy and lactation suffer from a higher incidence of mammary adenocarcinoma (8) , suggesting that cyclin E might act as an oncogene in this tissue (9) . Collectively, several lines of evidence indicate that deregulated expression of cyclin E affects important properties in tumor development.
A general concept emerging from the different fields of cancer research is the existence of cross-talk between various signaling pathways, indicating links between cellular activities. Thus, many tumor-related properties might be interconnected and either enforce or counteract each other. In this study, we therefore wanted to delineate the downstream effects of overexpressed cyclin E, aiming at investigating whether cyclin E expression has an effect on other cellular functions besides proliferation, relevant to tumor development and behavior such as apoptosis, invasion, or angiogenesis. In summary, we observed that cyclin E overexpression induced differences in gene expression patterns associated with cell adhesion as well as increased adhesive capacity and reduced ability to migrate and invade in functional assays. The results were further validated in a large sample of primary breast cancers, where infiltrative tumor growth was inversely associated with cyclin E protein levels. Our results imply a novel role for cyclin E in affecting tumor growth patterns, in addition to its well-established function in controlling cell proliferation.
Materials and Methods
Cell culture. All experiments were carried out using the breast cancer cell line MDA-MB-468 (ATCC, Int., Manassa, VA). The cells were cultured in RPMI 1640 supplemented with 10% FCS, sodium pyruvate (1 mmol/L), streptomycin (18 Ag/mL), and penicillin (18 IU/mL).
Vectors. The wild-type cyclin E vector construct used was a kind gift from Dr. Geisen at The Burnham Institute, La Jolla, CA. cDNA for cyclin E (human origin) was PCR-amplified from pBluescript constructs with primers generating 3V -ends without stop codons. The modified cyclin E cDNA (1-395 amino acids) was subsequently cloned into a pEGFP-N3 plasmid (Clontech, Mountain View, CA), creating a COOH-terminal fusion gene with enhanced green fluorescent protein (EGFP). A pEGFP-C2 plasmid (Clontech) was used as a control vector, expressing only EGFP. The expression of the fusion gene and the EGFP gene from the respective vectors was under the control of the cytomegalovirus promoter.
Transfections. Transfectants were obtained by electroporation using protocol and equipment from Amaxa Biosystem (Cologne, Germany). The cells were propagated to f80% confluency with a medium change 1 day before transfection. For every transfection, 1 Â 10 6 cells were trypsinized and centrifuged and subsequently dissolved in 100 AL Nucleofector Solution (Kit V). Vector DNA (5 Ag) was added and the cells were electroporated immediately using transfection program Q-28. The transiently transfected cells were harvested and analyzed 24 hours after transfection. To obtain stable clones, the transfected cells were cultured in normal medium for 48 hours and thereafter in selective medium containing G418 (500 Ag/mL). Collections of stable transfectants were guided by EGFP fluorescence and protein expression was confirmed by Western blotting. The selected clones were subsequently propagated in medium supplemented with G418 (100 Ag/mL).
Flow cytometry. The cells were trypsinized and fixed with 70% ethanol for 20 minutes at À20jC. After fixation, the cells were washed with PBS and centrifuged. The pellets were subsequently dissolved in Vindelöv solution [3. 5 Amol/L Tris-HCl (pH 7.6), 10 mmol/L NaCl, 50 Ag/mL propidium iodide, 20 Ag/mL RNase, 0.1% v/v NP40] and incubated in the dark for 20 minutes on ice, in order to stain the DNA. The analysis was carried out with FACScalibur and Cellquest software (BD Biosciences Immunocytometry Systems, San Jose, CA), counting in total 1 Â 10 4 cells. Gating of G 0 -G 1 -, S-and G 2 -M-populations was done manually using WinList software (Verity Software House, Inc., Topsham, ME). When analyzing the transiently transfected population, a gate was used discriminating the transfected EGFP-positive cells from the untransfected cells.
Western blotting and immunoprecipitation. Transfected cells were washed and scraped off in fresh PBS. After centrifugation, the pellets were dissolved and vortexed in lysis buffer [0.5% NP40, 0.5% NaDOC, 0.1% SDS, 50 mmol/L Tris (pH 7), 150 mmol/L NaCl, 1 mmol/L EDTA (pH 8), 1 mmol/ L NaF, 0.1 mg/mL phenylmethylsulfonyl fluoride, protease inhibitor cocktail tablet from Roche (Indianapolis, IN)]. Lysates used in the immunoprecipitation were extracted with radioimmunoprecipitation assay buffer [0.5% NaDOC, 0.5% Triton X-100, 50 mmol/L Tris-HCl (pH 7), 150 mmol/L NaCl, 25 mmol/L NaF, 1 mmol/L Na 4 P 2 O 7 , 0.1 mg/mL phenylmethylsulfonyl fluoride, protease inhibitor cocktail tablet from Roche]. The cell extracts were incubated on ice for 30 minutes, centrifuged at 14,000 rpm for 30 minutes, and the supernatants were collected. Protein concentrations were measured by use of the Bicinchoninic Acid Protein Assay (Pierce, Rockford, IL). For Western analysis, 20 Ag of protein were loaded and separated on 12% SDS-PAGE gels, and transferred onto cellulose membranes (Hybond ECL, Amersham Pharmacia Biotech, United Kingdom). The membranes were blocked with PBS containing 5% dried milk and 0.05% Tween 20, and then probed with antibodies against cyclin E (1:500 HE12, Santa Cruz Biotechnology, Santa Cruz, CA), E-cadherin (1:500 33-4,000, Zymed, South San Francisco, CA), h-catenin (1:1,000 C2206, SigmaAldrich, St. Louis, MO), and actin (1:500 I-19, Santa Cruz), and subsequently visualized using the enhanced chemiluminescence system (Amersham). In the immunoprecipitation assay, 600 Ag protein was incubated for 2 hours with 2 Ag E-cadherin antibody and 40 AL protein G sepharose beads (Amersham). Fetal bovine serum was used as a negative control in the immunoprecipitation of E-cadherin. The precipitated proteins were subsequently separated from the sepharose beads, run on a 12% SDS-PAGE gel, transferred and probed against E-cadherin, h-catenin, and actin.
Oligonucleotide microarray analysis. RNA from the cyclin E clone pair (A10 and B6) and the control clone pair (B12 and G10) was extracted using TRIzol (Life Technologies Inc., Rockville, MD) and the RNeasy Midi Kit (Qiagen, Valencia, CA). The clone pair RNAs were subsequently pooled, reverse-transcribed, and labeled using the Pronto! Plus Direct Labelling v1.2 system (Corning Inc., Corning, NY). The hybridization was carried out twice and control clone cDNA was used as reference in the analysis. The output intensity raw data was uploaded to the BioArray Software Environment (10) and quality-filtered by excluding spots with a signal-to-noise ratio <2. Out of 55.488 spots available on the slides, 25.977 and 23.183 spots (representing 13.869 and 12.581 reporters) passed the filtering criteria in hybridization 1 and 2, respectively. The filtered data was subsequently normalized using the PIN-based locally weighted scatterplot smoothing algorithm. The final set of 434 genes that were assigned as differentially expressed in the cyclin E-overexpressing clones and further used in the GoMiner analysis, were obtained by including genes (a) whose fold induction or repression was greater than or equal to two (in total 2.547 reporters of 14.851 represented), (b) with signal present from both hybridizations represented at least by one spot per slide (962 reporters of 2.547), and (c) with ascribed gene symbols (434 reporters of 962). The cutoff level was based on self-self hybridizations using cDNA obtained from untransfected MDA-MB-468 cells. The fold changes presented for thrombospondin 1 (THBS1), paxillin (PXN), and matrix metalloproteinase 7 (MMP7) are mean values of the ratios from the respective signal-generating spots. Custom-made oligonucleotide microarray slides containing 55,488 spots representing f17,500 unique genes in addition to expressed sequence tags, in duplicate, were obtained from the SWEGENE DNA Microarray Resource Center at the BioMedical Center B10 in Lund, supported by the Knut and Alice Wallenberg foundation through the SWEGENE Consortium. The microarray procedure and image analysis were carried out as described in the MIAME Checklist (Supplemental procedure), and the microarray raw data are available from ArrayExpress database (http://www.ebi.ac.uk/arrayexpress/) with accession number E-MEXP-339.
Attachment, motility, and invasion assays. Attachment assays were done by seeding 1 Â 10 5 cells/well, five wells/clone [cyclin E (cyE)-A10, cyE-B6, EGFP-B12, EGFP-G10], in 96-well culture plates. The cells were then allowed to adhere to the surface for 1 hour. Nonadherent cells were removed by rinsing with PBS and the remaining adherent cells were incubated with MTS-solution (CellTiter 96 AQ ueous One Solution cell proliferation assay, Promega, Madison, WI; diluted 1:5 with serum-free RPMI medium) for 1.5 hours. The metabolically active cells reduced the dye to formazan, and absorbance was measured using a Fluostar microplate reader (544 nm excitation filter; BMG Lab Technologies, Offenberg, Germany), quantifying the amount of attached cells. The adhesion experiment was repeated five times. Scratch assays were conducted in triplicate by plating cells in slide chambers, and allowing them to reach confluency. Scratches were made using a sterile pipette tip and photographs were taken after 48 hours with Â10 magnification. Invasion assays were done with BD Biocoat Matrigel Invasion chambers (24-well format). The two clones of cyclin E (A10 and B6) and control transfectants (B12 and G10) were pooled, respectively, and 500 AL serum-free medium containing 8 Â 10 4 cells of each pool were added to the Boyden chambers and allowed to invade for 20 hours at 37jC. Medium (750 AL) supplemented with 10% fetal bovine serum were placed in the wells beneath the chambers to act as a chemoattractant. Invading cells were subsequently fixed in 4% paraformaldehyde for 10 minutes, stained with 1% toluidine blue for 2 minutes, and manually counted. The invasion assay was done twice, plating cells in triplicate, and averages of total number of invading cells/chamber were calculated. To estimate the invasive potential of the transiently transfected cells, f8 Â 10 4 cells were immediately transferred from the electroporation cuvette onto the Boyden chambers. The remaining transfected cells were seeded on glass slides. The invading cells and the cells grown on glass slides were stained after 24 hours with 4V ,6-diamidino-2-phenylindole. The transfected, EGFP-positive, cells were counted using a fluorescence microscope and the percentage of transfected cells were calculated. Dividing the percentage of transfected cells among the invading cells with the percentage of transfected cells among the glassgrown cells resulted in a ratio used as a measure of the relative invasiveness of the cyclin E-and control-transfected cells. This experiment was repeated seven times, generating mean values of the proportion of transfected cells that did invade. Student's t test was used to calculate P values.
Tissue microarray and immunohistochemistry. The tissue microarrays were constructed using one tumor sample consisting of 500 tumors from premenopausal women and two samples of mixed pre-and postmenopausal tumors (n = 450 and n = 540). Relevant core sections from f66% of all cases were obtained, enabling analysis of 985 tumors. All tumor samples were formalin-fixed, paraffin-embedded surgical breast tumor specimens archived at the Department of Pathology, Malmö University Hospital, Sweden. The study was approved by the ethics committee at Lund University, Sweden. In brief, two 0.6-mm cores were taken from selected areas in each donor block and mounted in a recipient block containing between 200 and 300 biopsies. For immunohistochemistry, 6 Am sections of the paraffin-embedded tissue arrays were dried, deparaffinized, rehydrated, and microwave-treated for 10 minutes in an EDTA buffer (pH 8.0). The array sections were subsequently processed in an automatic immunohistochemistry staining machine (Techmate 500, DAKO, Copenhagen, Denmark) for cyclin E (1:100 HE12; Santa Cruz). The premenopausal samples were further stained for Ki67 (1:200, M7240, DAKO; Techmate 500, DAKO), estrogen and progesterone receptor, and HER2. The latter three proteins were analyzed using the Ventana Benchmark system (Ventana Medical Systems Inc., Tuczon, AZ), with prediluted antibodies (anti-estrogen receptor clone 6F11, anti-PgR clone 16, and pathway CB-11 760-2694, respectively). HER2 gene amplification was determined by fluorescence in situ hybridization using an automated staining procedure according to the manufacturer's recommendations (Ventana Medical Systems). Pretreated and denatured tumor sections were incubated overnight with the hybridization probe and subsequently counterstained and evaluated for HER2 gene copy number using a fluorescence microscope at a magnification of Â40. The stable clones were harvested, formalin-fixed, and paraffin-embedded and organized in a cell microarray. The array was processed (Techmate 500, DAKO) and stained against p27 (1:200, DAKO) and THBS1 (1:250 N-20, Santa Cruz).
Tumor growth pattern assessment. By studying whole H&E-stained sections, two independent investigators (P. Berglund and K. Jirström) assessed the overall growth characteristics of each tumor. The growth patterns were divided into four groups defined by the mode of infiltration, from a ''sieving'' and diffuse infiltration to a clearly pushing growth pattern with well-defined margins. In addition to the extreme groups exhibiting an exclusive infiltrative or pushing pattern, two intermediary groups were used to account for the tumors with predominantly infiltrative or predominantly pushing growth. In total, 221 tumors were analyzed and assigned to one of the four groups.
Phalloidin staining. Cells were fixed with 4% paraformaldehyde in PBS for 4 minutes, permeabilized, and blocked with 5% normal goat serum and 0.3% Triton X-100 in TBS for 30 minutes. Filamentous actin (F-actin) was stained for 20 minutes with Alexa Fluor 546-conjugated phalloidin (Molecular Probes, Eugene, OR) diluted 1:100 in TBS.
Cell fractionation and assessment of membrane-bound RhoA, Rac1, and Cdc42. Stable clones were rinsed with PBS and covered with buffer A [20 mmol/L Na-Hepes (pH 8.0), 2 mmol/L MgCl 2 , 1 mmol/L EDTA, 5 mmol/L orthovanadate, 60 Ag/mL phenylmethylsulfonyl fluoride, and 4 Ag/mL leupeptin] and placed on ice, scraped off and subsequently homogenized with a Dounce homogenizer. Cell suspensions were centrifuged at 200 Â g to remove intact nuclei. The supernatant was centrifuged at 10,000 Â g for 10 minutes and the resulting supernatant was separated into cytosol and plasma membrane fractions by centrifugation at 200,000 Â g for 1 hour. The resulting membrane pellet was suspended in buffer A. The levels of membrane-associated RhoA, Rac1, and Cdc42 were assessed by Western analysis of the plasma membrane fractions, 20 Ag protein/clone, using the following antibodies: RhoA (1:500 26C4, Santa Cruz), Rac1 (1:1,000 05-389; Upstate Biotechnology, Lake Placid, NY), and Cdc42 (1:500 B-8, Santa Cruz). The level of membrane-bound protein was normalized against the corresponding protein level in whole cell lysates of the respective clones.
Results
Transfections. The breast cancer cell line MDA-MB-468 was stably and transiently transfected with full-length cyclin E COOHterminally fused to EGFP, or EGFP alone. The generation of stable cyE-overexpressing cells resulted in several clones with various levels of detectable cyE-EGFP fusion protein (Fig. 1A) . The two clones exhibiting the highest expression, cyE-A10 and cyE-B6, were used together with two control clones (EGFP-B12 and EGFP-G10) in the subsequent experiments.
Flow cytometry. To confirm the established role for cyclin E in cell cycle control, thereby verifying the functionality of the cyclin E construct, flow cytometry was used to assess the cell cycle phase distributions of the transfected populations. The stable clones, cyE-A10 and cyE-B6, and the transiently cyclin E-transfected cells exhibited a significantly increased proportion of cells residing in S phase compared with the control transfectants (Fig. 1B) . Representative pictures of DNA histograms derived from the stable clones analyzed are shown in Fig. 1C .
Oligonucleotide microarray assay. RNA from two cyE-high clones (A10 and B6) and two control clones (B12 and G10) Figure 1 . Generation of stable cyclin E-overexpressing clones. A, untransfected MDA-MB-468, control-transfected, and cyclin E-transfected cells were harvested and cell lysates were subjected to Western blot analysis with antibodies against cyclin E and actin (loading control). The heavier bands in the cyclin E-transfected clones represent the COOH-terminal fusion protein between cyclin E and EGFP (75 kDa). B, ethanol-fixed and propidium iodide-stained cells were analyzed with FACScalibur and Cell Quest software (Becton Dickinson, Franklin Lakes, NJ) for their distribution in different phases of the cell cycle. Average distributions of cells in G 0 -G 1 -, S-, and G 2 -M phases, obtained from at least three independent measurements. SDs are indicated and the P values for the differences in S phase between control clone B12 and cyclin E clone A10 and transient cyclin E-and control-transfected cells were calculated using Students' t test. C, representative DNA histograms illustrating the decrease of G 0 -G 1 proportion and increase of S-G 2 -M-proportion in the cyclin E-overexpressing clones compared with the control clones.
was extracted, reverse-transcribed, and fluorescently labeled. cDNA from the control clones was used as a reference, and was cohybridized to the microarrays together with differentially labeled cDNA from the cyE-high clones. Hybridizations, scanning and data analysis were done as described in Materials and Methods. About 430 genes were found to be transcriptionally affected z2-fold by cyclin E overexpression, and 27% of these genes were up-regulated. As expected, cyclin E was one of the genes showing the most pronounced expression difference (f11-fold induction), confirming the reliability of the oligonucleotide microarray. The list of differentially expressed genes was interrogated using the ontologic software GoMiner (11) . Classification of the affected genes into biologically coherent categories enabled interpretation of the functional effects of cyclin E overexpression. The GoMiner analysis pointed out several categories containing a significant number of differentially expressed genes (Table 1) , including cell proliferation (GO:0008283) and cell adhesion (GO:0007155). A similar ontologic analysis based on microarray experiments using mRNA from transiently transfected MDA-MB-468 cells also indicated cell proliferation (GO:0008283; P = 0.001) and cell adhesion molecular activity (GO:0005194; P = 0.007) as functional categories being differentially affected in cyclin E-and control-transfected cells. Examples of genes with significantly different expression in the stable cyE-high clones, interesting in the context of the present study are: THBS1, f4.3-fold induction; PXN, f4.5-fold repression; and MMP7, f4.3-fold repression. A clear difference in thrombospondin protein levels between the control clones (B12 and G10) and the cyE-high clones (A10 and B6) was confirmed by immunohistochemical analyses as illustrated in Fig. 3B . By manual counting, the fraction of thrombospondin-positive cells was 6% in EGFP-B12 and 27% in cyE-A10. These results were also confirmed by densitometric analysis of the staining intensity (data not shown).
Functional assays. Aiming at defining tumor relevant properties other than proliferation affected by cyclin E deregulation, we investigated whether there were any functional consequences of the differential regulation of genes related to cell adhesion. Adhesive properties of the stable clones were estimated using an MTT-based cell attachment assay. Allowing the cells to adhere for 1 hour, we observed a 30% increase in attachment capability by the cyE-A10 clone compared with the control clones ( Fig. 2A) . Furthermore, we speculated that the cyclin E-mediated change in adhesive properties might manifest itself as an altered ability to migrate and invade. To test this hypothesis, the relative motility of the stable cyE-high clones was determined by conducting a scratch assay. Interestingly, 48 hours after the application of the scratch wound, there was a clear difference in motility between the cyE-high clones and the control clones, indicating an impaired migratory capacity of the cyclin E-overexpressing clones (Fig. 2B) . We next assessed the effect of cyclin E overexpression on invasive potential by using a Boyden chamber assay. The two cyE-high and control clones, respectively, were pooled in order to simplify the procedure and cells were seeded onto Boyden chambers and allowed to invade. The invasiveness was quantified by manual counting of the invading cells. This experiment showed that the cyclin E-overexpressing cells were significantly less invasive compared with the control cells (Fig. 2C) . In addition, when analyzing the invasiveness of transiently transfected populations, there was a decreased fraction of invading cells in the cyclin E transfected population compared with the control transfected population (Fig. 2D ).
Cytoskeleton characterization. Several studies have highlighted the importance of the actin cytoskeleton in the formation of active cell-cell adhesions (12) , and appropriate cyclic formation-dispersal of cytoskeletal structures is further essential for motility (13) . Consequently, we studied the organization of F-actin in the stable clones grown on glass slides, in order to investigate if the decreased mobility of the cyE-high clones was accompanied by, and potentially mediated by, changes in cytoskeletal organization. Using Alexa Fluor 546-conjugated phalloidin staining and immunofluorescence microscopy, we observed that the control clones exhibited a speckled F-actin structure throughout the cell. In contrast, the cyE-high clones exhibited a condensed membrane-associated organization (Fig. 2E ) , indicating a more rigid structure and possibly conferring the less mobile phenotype. Adhesion/motility-associated proteins. Because it has been shown that E-cadherin/h-catenin complexes mediate the contact between neighboring cells and their actin cytoskeletons (14) , we tried to determine whether the change in F-actin cytoskeleton could be due to differences in E-cadherin/h-catenin interactions. We therefore immunoprecipitated E-cadherin and assessed the relative amounts of h-catenin in the corresponding complexes. A comparison of the clones revealed no major differences in the interaction between these two adhesion-related proteins, nor did the total levels of expression differ (Fig. 3A) . We next focused on p27, a known CDK inhibitor intimately associated with the cyE-CDK2 complex, that has been implemented in regulation of motility by binding to RhoA in the cytoplasm and preventing its activation (15, 16) . p27 expression in the control clones (B12 and G10) and the cyE-high clones (A10 and B6) was assessed by immunohistochemistry (Fig. 3C) , and the fraction of p27-positive cells was 14% and 1.5%, in EGFP-B12 and cyE-A10, respectively (manual counting, validated by densitometric analyses). All p27-positive cells showed a nuclear localization of p27 and cytoplasmic staining could not be observed (Fig. 3C) . Furthermore, an estimation of the activity of the actin cytoskeleton Figure 2 . Effects on adhesion-related properties of deregulated cyclin E. A, the capacity to adhere was assessed in a cell attachment assay, where the stable clones were allowed to adhere for 1 hour. The amount of attached cells was quantified by absorbance measurements of reduced MTS solution. The adhesion capacity of control clone B12 and cyE-A10, respectively, are shown in relation to control clone G10. B, a scratch assay was done to assess the relative mobility of the different clones. Representative photographs are shown for control clone B12 and cyE-A10 48 hours after the application of the scratch; similar results were obtained with clones G10 and B6. C, Boyden chamber invasion assay comparing the invasive capacity of control-and cyclin E-transfected clones. The stable control clones and cyclin E clones were pooled, respectively, and plated on top of Matrigel-coated invasion chambers and subsequently allowed to invade towards a serum gradient for 20 hours. The invasive capacity of each pool was measured twice, in triplicate, generating the illustrated average numbers of invading cells and SDs. D, the relative invasiveness of the transiently transfected cells was estimated by dividing the proportion of transfected (EGFP-fluorescent) cells among the invading cells with the proportion of transfected cells in a population grown on a control slide. The invasion assay using transiently transfected cells was repeated seven times. Students' t test was used to calculate the P value. E, the actin cytoskeleton organization in cyclin E-and control-transfected clones analyzed by phalloidin staining of F-actin. Figure 3 . Identification of properties possibly involved in the cyclin E-mediated effect on mobility. A, immunoprecipitation of E-cadherin and immunoblotting against E-cadherin and h-catenin (left ). Total expression of E-cadherin and h-catenin assessed by Western blot using whole cell lysates of the indicated clones. Actin was used as a loading control. B, immunohistochemical assessment of THBS1 using cell pellets of control and cyclin E-transfected clones. An increase in the protein level of THBS1 was seen in both cyclin E-transfected clones. C, cell pellets immunohistochemically stained against p27. Cyclin E-overexpressing clones exhibited an almost negative p27 staining.
regulators RhoA, Rac1, and Cdc42 (17), measured by the relative membrane bound fractions, failed to show any differences between control and cyclin E clones (data not shown). Because there was no obvious change in RhoA activity, it seems unlikely that the phenotypic differences in motility observed between the cyE-high clones and control clones could be explained by altered p27-RhoA interactions.
Analysis of tumor samples. In order to address whether the effect of cyclin E on invasion had any equivalence in vivo, we coanalyzed 985 primary breast tumors with regards to cyclin E levels and tumor growth patterns. We hypothesized that if the decreased invasiveness of the cyE-high clones reflected a cyclin E-mediated behavior, then there might be differences in growth patterns between cyE-high and -low tumors. The tumors were arranged in a tissue microarray and cyclin E immunoreactivity was scored as fractions of positive nuclei divided into four groups: 1, 0% to 1%; 2, 2% to 10%; 3, 11% to 50%; and 4, 51% to 100% (Fig. 4A) . In all of the tumor samples, the cyclin E fractions were distributed as follows: 1, 61%; 2, 20%; 3, 13%; and 4, 6%. In a subset of the entire tumor sample (premenopausal patients, n = 349), cyclin E staining correlated positively with Ki-67 (P < 0.001, Spearman's correlation test) and inversely with estrogen receptor and progesterone receptor status (both P < 0.001). In addition, there was a significant correlation between cyclin E and Her2-amplification (P < 0.001), although the correlation to Her2 protein expression (immunohistochemistry) was not as strong (P = 0.096). The growth patterns of the tumors were assessed using whole tumor sections and characterized by the mode of infiltration, from a ''sieving'' and diffuse infiltration to a clearly pushing growth pattern with well-defined margins (Fig. 4B) . The tumor growth patterns were divided into four groups: 1, infiltrative; 2, infiltrative, pushing features; 3, pushing, infiltrative features; and 4, pushing. In the entire sample, 55 tumors with >50% cyclin E-positive cells were identified, and a majority of these tumors (67%) exhibited a predominantly pushing growth pattern (groups 3 and 4). We randomly selected a similar number of tumors with a lower cyclin E positivity (representing groups 1, 2, and 3, respectively), and their growth patterns were assessed by the same standard. Interestingly, there was a significant difference in the distribution of growth patterns depending on the level of cyclin E expression (P < 0.001, calculated using m 2 test). About 88% of the cyclin E-negative tumors seemed to grow in a clearly infiltrative fashion (Fig. 4C) . Furthermore, upon examination of the tumors with the most distinct pushing growth pattern (n = 37), 84% had been diagnosed as medullary carcinomas. This tumor type is in part defined by its characteristic solid and delimited growth (18) , and among the medullary carcinomas included in the tissue microarrays (n = 40), a majority exhibited high levels of cyclin E (0-1% = 0%, 1-10% = 13%, 10-50% = 30%, and 50-100% = 57%). Considering the high frequency of cyclin E deregulation among medullary tumors, this tumor type clearly differed from the other histologic breast cancer subtypes (Fig. 4D) .
Discussion
Because cyclin E has been implicated in tumorigenic events and is overexpressed in a fraction of breast tumors (19) (20) (21) , we wanted to obtain a more detailed understanding of the role of cyclin E in breast cancer. The study aimed at exploring functional consequences of cyclin E deregulation other than the well-known Figure 4 . Analysis of breast tumor growth patterns in correlation to cyclin E expression. A, immunohistochemically stained tissue microarray sections using an antibody against cyclin E. The cyclin E positivity was assessed based on the fraction of cells with nuclear positivity and represent the four fractions used in the analysis. B, tumors growing in an infiltrative (left) and pushing manner (right ). Two intermediate groups with predominantly infiltrative or pushing growth patterns, respectively, were used in addition to the above-exemplified extreme groups. In order to assess growth patterns, whole tissue sections were used. C, the distribution of the four growth patterns in tumor groups with increasing levels of cyclin E expression. The total number of tumors in each cyclin E group were: 0% to 1%, 56; 2% to 10%, 57; 11% to 50%, 53; 51% to 100%, 55. The growth pattern distribution in the four cyclin E groups was significantly different (P < 0.001, m 2 test). D, cyclin E expression in different histologic breast tumor types; duct., invasive ductal (n = 328); lob., invasive lobular (n = 58); tub., invasive tubular (n = 19); med., medullary (n = 40).
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Cancer Res 2005; 65: (21) . November 1, 2005 cell cycle regulatory effects. We therefore overexpressed fulllength cyclin E in MDA-MB-468 breast cancer cells and analyzed transcriptional changes in order to extract information about affected functions. By using a retinoblastoma-inactivated cell line (22) , cyclin E effects unrelated to pRb-phosphorylation could be isolated and investigated. Furthermore, a previous study showed that in MDA-MB-468 cells, cyclin E largely controlled the CDK2 kinase activity, contrasting pRb-normal cell lines where the kinase activity was not as affected by increased levels of cyclin E due to relocalization of the CDK inhibitors p21 and p27 (23) . Therefore, by using MDA-MB-468 cells with a nonfunctioning pRb-pathway the cyE-CDK2 activity would be less inhibited, facilitating the detection of cyclin E-dependent downstream effects.
The initial flow cytometry analysis confirmed the ability of the cyE-EGFP fusion protein to influence the cell cycle regulation as expected. It should be noted that in this setting, the effect of cyclin E on triggering G 1 -S transition was not dependent on pRb-inactivation and release of E2F. These results stress the importance of the pRb-unrelated functions of cyclin E such as initiation of DNA replication, histone synthesis, and centrosome duplication (24) .
The approach of analyzing changes in gene transcription patterns to obtain indications of altered functions (using ontologic mapping) resulted in the hypothesis that cyclin E overexpression might affect adhesion-related properties. In functional assays, we could observe phenotypic changes of the cyE-high clones confirming this hypothesis. Increased attachment capability, decreased motility illustrated in a scratch assay, and furthermore, a lower invasiveness through Matrigel-coated invasion membranes, collectively indicated that overexpression of cyclin E in MDA-MB-468 cells conferred a decreased mobility. The decreased invasiveness of transiently cyclin E-transfected cells strengthened the supposition that the decreased invasive potential of the stable cyE-clones was induced by overexpression of cyclin E and was not a result of clonal variation.
Cytoskeletal structures play a crucial role in cellular activities like cell adhesion and motility (12, 13) . Reorganization of the cell architecture is in addition required throughout the cell division cycle, and several reports have indicated a link between the cell cycle machinery and organization of the cytoskeleton (25) (26) (27) . Stable overexpression of cyclin E in MDA-MB-468 cells did significantly affect the organization of the F-actin cytoskeleton, promoting a membrane-associated condensation that could potentially reflect a more pronounced intercellular adhesion. In an attempt to clarify a mediating link between cyclin E and actin cytoskeletal organization, we analyzed both the E-cadherin/ h-catenin complexes and the activity of the actin cytoskeleton regulators RhoA, Rac1, and Cdc42. Surprisingly, no substantial differences in either abundance or activity could be detected.
Other possible contributors to the observed phenotypical changes of the cyE-high clones are likely to be found among the genes differentially expressed in the analyzed clones. Several of the genes included in the functional categories listed in Table  1 , might be considered as interesting candidate genes. In the cell adhesion category, we found THBS1 to be transcriptionally induced f4-fold (increase of protein level confirmed by immunohistochemistry), a finding which could be of relevance not only regarding adhesion and invasion, but also in vascularization (28) (29) (30) . In the same category, PXN, a gene that has been reported to be a positive regulator of motility (31) , was repressed f4.5-fold. Furthermore, in the category of metalloendopeptidase activity, MMP7 was shown to be repressed f4-fold. This latter down-regulation could have implications for the invasive ability of the cyE-high cells (32) . Our results indicate that deregulated cyclin E affects several different adhesion-and invasion associated proteins, and it would be of great interest to further investigate underlying molecular mechanisms to the phenotypical alterations. Importantly, the fundamental difference in F-actin organization clearly suggests that the effect of cyclin E on the mobility of MDA-MB-468 cells is mediated through rearrangements of the actin cytoskeleton.
Analyzing the correlation between cyclin E levels and the growth pattern of primary breast tumors corroborated the clinical relevance of the in vitro results. Interestingly, we observed a significant association between high levels of cyclin E and a low infiltrative, pushing tumor growth. This association is in agreement with the in vitro results showing a decreased invasiveness due to cyclin E overexpression. In the context of tumor biology, it is however, difficult to understand the relation between cyclin E and invasion. CyE-high breast tumors are associated with a poorer prognosis, and, as this study indicates, a large proportion of these tumors grow in a low infiltrative fashion. Because a decreased infiltrative potential would, intuitively, correlate with a better prognosis, our observation implies two seemingly contradictive properties of cyE-high breast tumors. The frequent overexpression of cyclin E in medullary tumors, a tumor type with a relatively good prognosis (18) , is an equally puzzling finding. The marked inflammatory response significant for this tumor type could, however, possibly counteract the many aggressive features such as low differentiation grade and high cyclin E levels. The indication that cyclin E affects both tumor-stimulating properties (increased proliferation and chromosome instability) as well as properties presumably delimiting the aggressive nature of tumors (decreased invasive potential), challenges the understanding of the rationale behind the claimed prognostic values of cyclin E. One logical consequence of our results is to introduce a division of the subgroup of cyE-high tumors based on growth pattern. Cyclin E-overexpressing tumors with a pushing growth pattern might have a better prognosis compared with infiltrative cyE-high tumors. If cyclin E is able to affect tumor growth patterns in vivo, as our data suggests, then it would be valuable to delineate the different genetic backgrounds allowing cyclin E to exert this influence on a subset of overexpressing tumors.
We have previously observed that infiltrating basal cell carcinomas and colorectal cancer cells display markedly decreased proliferation due to increased p16 expression (33, 34) . In the present study, we observed low invasiveness as a consequence of elevated cyclin E levels and an increased fraction of cells in S-G 2 -Mphases. These observations support the concept that proliferation and invasion might be two contrasting, and in some instances, incompatible, cellular activities.
Taken together, we report an inverse association between infiltrative growth of primary breast carcinomas and the level of cyclin E expression; an association most clearly reflected in medullary carcinomas. According to our in vitro results, this association could be partly due to an obstructed invasive potential induced by overexpression of cyclin E, possibly mediated by an increased cellular adhesion. These results imply a novel, pRb-independent role of cyclin E in modeling adhesive and invasive behavior, in addition to its function in controlling proliferation.
It will be interesting to explore if the intriguing association between cyclin E and infiltrative behavior defined in breast cancer is a general phenomenon which is valid in other malignancies as well.
